ABSTRACT: A key drawback of hydrogel materials for tissue engineering applications is their characteristic swelling response, which leads to a diminished mechanical performance. However, if a solution can be found to overcome such limitations, there is a wider application for these materials. Herein, we describe a simple and effective way to control the swelling and degradation rate of nucleophilic thiol−yne poly(ethylene glycol) (PEG) hydrogel networks using two straightforward routes: (1) using multiarm alkyne and thiol terminated PEG precursors or (2) introducing a thermoresponsive unit into the PEG network while maintaining their robust mechanical properties. In situ hydrogel materials were formed in under 10 min in PBS solution at pH 7.4 without the need for an external catalyst by using easily accessible precursors. Both pathways resulted in strong tunable hydrogel materials (compressive strength values up to 2.4 MPa) which could effectively encapsulate cells, thus highlighting their potential as soft tissue scaffolds.
■ INTRODUCTION
Hydrogels have become a powerful platform as tissue engineering scaffolds as a consequence of their unique features (high water content, suitable porosity, synthetic versatility, and biocompatibility); however, they suffer from swelling-induced behavior which can limit their applications in this field.
1−3
Furthermore, these materials must mimic unique biological environments by displaying specific mechanical strength, robustness, and stability. Therefore, the design of hydrogels with finely tuned properties for a specific bioapplication is still a challenging task. 4−6 To address this issue, biorthogonal click-hydrogels that form rapidly under physiological conditions by covalently bonding nontoxic polymeric chains through easily accessible functional groups, have been synthesized. 7−9 These materials, which are envisaged as promising soft tissue scaffolds, can be prepared using a wide range of click reactions, for example, thiol−ene, oxime, inverse electron demand Diels−Alder, and strain promoted azide−alkyne cycloaddition (SPAAC), and coppermediated azide− alkyne cycloaddition (CuAAC). 7, 8 Although these chemistries form efficient networks that are biocompatible, some of the functional groups can be difficult to synthesize onto polymer backbones (e.g. strained alkynes). Furthermore, some click reactions follow a UV-initiated radical pathway, using a photoinitiator to conduct the cross-linking reaction releasing free radicals during the cross-linking process. It has been demonstrated that the release of free radicals during the network formation can be cytotoxic to some cell lines, for example, human mesenchymal stem cells (hMSCs) and can cause more toxicity issues than the presence of the photoinitiator. 10−12 Therefore, by using a radical pathway the cyctotoxcity of the cross-linking reaction can limit the number of different cell lines which can be encapsulated into the network. In contrast, the nucleophilic thiol−yne addition reaction 13 is highly suitable for hydrogel synthesis as a consequence of its efficient and rapid nature, through the use of easily accessible functional end groups (activated alkyne and thiol functionalities). This allows for the design of unique hydrogels with predefined and robust features. 14−17 In our previous work, 16 we reported the synthesis of robust poly(ethylene glycol) (PEG) thiol−yne click-hydrogels with tunable properties. This work utilizes the nucleophilic pathway to form hydrogels using thiol−yne chemistry under slightly basic conditions, pH 7.4. To exploit the nucleophilic pathway, PEG precursors are easily functionalized with either an activated alkyne (carbonyl adjacent to the alkyne) or thiol end groups allowing the reaction to take place under physiological conditions (37°C in PBS solution, pH 7.4) without the need of an external catalyst. Through the optimization of the molecular weight, architecture, and composition of the alkyne-and thiol-terminated PEG precursors, these hydrogels displayed a wide range of tunable compressive strengths (up to 2.4 MPa) and stiffness.
For a hydrogel material to meet the needs of a specific biological environment, the networks need to be designed accordingly. Usually, their mechanical properties are compared to soft tissue (i.e., soft tissue stiffness in the range between 0.25−2.2 kPa). 18 In addition to this, and most importantly, the hydrogel's network should be characteristic of an environment that resembles the in vivo setting (i.e., aqueous conditions). However, although some hydrogel systems remain unaltered when immersed in aqueous solutions, 19, 20 in general most swell in aqueous environments at 37°C, which not only expands and deforms the polymeric network isotropically but also has a major impact on their performance. Swelling-induced effects include loss of mechanical performance, 21 changes in hydrogel stiffness, 22 enhanced hydrolytic degradation, 1 or compromised patient health by excessive compression to the surrounding tissue when used in vivo, thus greatly limiting their biomedical application. Consequently, research into the mechanical response of hydrogels in the swollen state over time is an interesting study for these materials. 23 Attempts to overcome this drawback rely on synthesizing nonswellable hydrogels, which are able to retain their high compressive modulus and strength despite being immersed in aqueous media. 17,24−26 Specifically, the swelling induced by the hydrophilic segments of the hydrogel backbone is counterbalanced by either exploiting the thermoresponsive properties of polymers that collapse above a certain temperature, ideally body temperature, 17, 26, 27 or by modulating the architecture of the polymeric precursors (i.e., multiarm precursors result in dense hydrogel networks with high cross-linking density and reduced hydrophilicity). 25 Recently, the former approach was exemplified by Truong et al. 17 who applied the commercially available triblock PEG− PPG−PEG (Pluronic) in the preparation of nucleophilic thiol− yne click hydrogels with reduced water uptake at a physiologically relevant temperature. The viscoelastic properties of the resulting hydrogels were characterized by rheology. Notably, however, the authors found that these systems were not suitable for 3D cell encapsulation and instead led to high levels of cell death, and the effect of swelling-suppression on the compressive strength of thiol−yne click-hydrogels was not assessed.
Herein, we aim to further improve the performance of thiol− yne PEG hydrogels, 16 by rendering them nonswellable and thus controlling their degradation profiles and mechanical performance in aqueous environments. To that end, the thiolfunctionalized PEG precursor was altered to effectively supress swelling by utilizing two different approaches. One route increased the hydrophobic nature of the PEG hydrogels by increasing the number of cross-linking sites in the network using alkyne and thiol-functionalized PEG precursors displaying a 3-or 4-arm architecture (previously 2-arm thiol or alkynefunctionalized PEG were used). 16, 17 This has been previously shown by Kamata and co-workers 24 as a versatile way of controlling the swelling properties of PEG hydrogels. For the thiol−yne reaction, the reactive end groups are very small, and therefore there is little difference between the unfunctionalized and functionalized precursors, which allows for a straightforward control of the hydrophobicity of the hydrogels through the PEG architecture.
Second, we modified a 2-arm thermoresponsive segment (Pluronic L-64) as the thiol-moiety within the click-hydrogel network, which allowed us to finely tune their swelling properties by varying the hydrophilic/hydrophobic ratio of the hydrogel polymeric chains. During the characterization of the resulting click hydrogel, comparisons have been drawn between the two routes applied, especially when monitoring the evolution of their compressive strength with time after being immersed in PBS solution at 37°C. Most importantly, their potential as soft tissue scaffolds has been assessed through encapsulated cell studies over a 72 h period. Size exclusion chromatography (SEC) was used to determine the molar masses and molar mass distributions (dispersities, Đ M ) of the synthesized polymers. SEC conducted in chloroform (CHCl 3 ) (0.5% NEt 3 ) used a Varian PL-SEC 50 system equipped with 2× PLgel 5 μM MIXED-D columns in series and a differential refractive index (RI) detector at a flow rate 1.0 mL min −1 . The system was calibrated against a Varian Polymer Laboratories Easi-Vial poly(styrene) (PS) standard and analyzed by the software package Cirrus v3.3.
SEC conducted in N,N-dimethylformamide (DMF) (5 mM NH 4 BF 4 ) used a Varian PL-SEC 50 system equipped with 2× PLgel 5 μM MIXED-C+ guard columns in series and a differential RI detector at a flow rate of 1.0 mL min −1 . The systems were calibrated against Varian Polymer Laboratories Easi-Vial linear poly(methyl methacrylate) (PMMA) standards and analyzed by the software package Cirrus v3.3.
Lower critical solution temperature (LCST) and cloud point measurements for Pluronic L-64 before and after modification were recorded using a PerkinElmer UV−vis Spectrometer (Lambda 35) equipped with a Peltier temperature control system, using a wavelength of 500 nm and a heating/cooling rate of 1°C min −1 . The polymer was dissolved in water at 1% wt concentration and submitted to three heating−cooling cycles. Transmittance curves were normalized for clarity, and the cloud point of each sample measured at 50% of normalized transmittance.
Rheological testing was carried out using an Anton Parr MCR 302 rheometer equipped with parallel plate configuration with a diameter of 50 mm. A Peltier system was used to maintain the temperature at 20°C throughout the study. Data was analyzed using RheoCompass software.
Compression testing was carried out using single column universal materials testing machine M100-1CT Testometric with a load cell of 1 kN. Data was analyzed using Wintest analysis software.
Cryogenic scanning electron microscopy (cryo-SEM) was performed on ZEISS SUPRA 55-VP equipped with cold stage and sample preparation chamber.
Evaluation of cell viability during 3D cell encapsulation experiments was carried out using a Zeiss LSM 880 confocal fluorescence microscope. Staining for live cells (Calcein, Ex. = 495 nm, Em. = 515 nm) was excited with a 488 nm laser, while staining for dead cells (Ethidium homodimer, Ex = 528 nm, Em = 617 nm) was excited with a 514 nm laser. Z-stacks with an average thickness of 400 μm were collected from different zones of the samples and maximum intensity projections were obtained from each Z-stack. Images were processed using Zen (blue edition) and ImageJ software.
Synthesis Stark conditions. After no more water was collected in the condenser (about 20 h), the solution was allowed to cool to room temperature and the solvents were removed in vacuo. The resultant oil was dissolved in CH 2 Cl 2 (100 mL) and washed with saturated NaHCO 3 solution (20 mL) and brine (20 mL 4 (21.5 mg, 9.74 × 10 −3 mmol) in 200 μL of PBS pH 7.4 solution. The two solutions were mixed together on a vortex mixer for 5 s. The mixture was then injected into a mold suitable for the chosen analysis. All the preparation steps for thermoresponsive hydrogels were performed below 10°C by cooling the solutions in an ice bath. For the blended hydrogels, a 1:1 molar ratio of alkyne group to thiol group was maintained. Different molar ratio of each thiol was used to tune the properties of the resulting hydrogels. The precursors were diluted with PBS solution and the thiol precursors were mixed together before being added to the diluted alkyne precursor.
Hydrogel Characterization. Gel Fraction (GF) and Equilibrium Water Content (EWC). Hydrogels were fabricated as stated in the above procedure. To determine the gel fraction (GF) the hydrogels were lyophilized and their weights (W g ) recorded. The hydrogels were then allowed to swell in deionized water for 3 days with frequent changes in water to extract unreacted polymers. The hydrogels were then lyophilized and their weights (W r ) were recorded again. All measurements were repeated in triplicate. The gel fraction was expressed as
To determine the equilibrium water content (EWC) the prepared hydrogels were allowed to swell in PBS solution for 1 day so that swelling could reach equilibrium. The surface water was then removed with soft tissue paper and the weights recorded (W s ). The hydrogels were then lyophilized and the weights recorded (W d ). All measurements were repeated in triplicate. The equilibrium water content was expressed as
Mesh Size Calculations. Flory−Rehner calculations were used to determine each thiol−yne PEG hydrogel mesh size. 28, 29 All measurements were repeated in triplicate.
Rheological Testing. All rheology was performed on an Anton Parr MCR 302 rheometer fitted with a parallel plate configuration (diameter of 50 mm) at 20°C. In a typical rheological test for gelation kinetics, PEG 1k (SH) 2 (56.8 mg, 4.83 × 10 −2 mmol) and PEG 2k (CCH) 4 (53.3 mg, 2.41 × 10 −2 mmol) were dissolved in separate solutions of 500 μL PBS pH 7.4. The two solutions were drawn up in a 1 mL syringe and injected on to the lower plate, at 20°C
. The upper plate was immediately lowered to a plate separation of 0.5 mm and the measurement was started. A frequency of 5 Hz and a strain of 5% was applied to minimize interference with the gelation process and to keep the measurement within the linear viscoelastic region. The normal force was also kept constant at 0 N. The gelation kinetics was characterized by the evolution of storage moduli (G′) and loss moduli (G″) as a function of time. The gel point was determined by the crossover between the G′ and G″. A point was recorded each second until the G′ and G″ plateaued. The amplitude sweeps were carried out on the gel formed from this experiment. The amplitude sweep applied a constant frequency of 10 rad/s and the strain was ramped logarithmically from 0.01% to 100%. The normal force was kept constant at 0 N and 6 points were recorded for each decade. All measurements were repeated in triplicate and representative charts are shown.
Uniaxial Compressive Tests. All uniaxial compressive testing was performed on a M100-1CT Testometric fitted with a load cell of 1 kN. Hydrogel samples were prepared with a 2 mL syringe to give a cylindrical shape with a diameter of 9 mm and length of 4 mm. Samples were left to cure for 1 h after forming, to ensure the crosslinking reaction was complete before being tested. A preload force of 0.1 N was set and each test was carried out at a compression velocity of 5 mm min −1 . Each gel was subject to 98% strain in order to determine the ultimate compressive stress and strain. All compression tests were repeated 10 times and an average of the data was taken to find the ultimate compressive stress and strain. Data was analyzed using Wintest analysis software. Young's modulus was calculated from the initial 10% of the stress/strain curve and is defined as
Cryogenic Scanning Electron Microscopy. Cryogenic scanning electron microscopy (cryo-SEM) was performed on ZEISS SUPRA 55-VP equipped with cold stage and sample preparation chamber. In a typical procedure, a hydrogel sample was formed in situ on a stub and the top layer was sliced off. The stub was placed in a prefrozen stub adaptor and frozen in liquid nitrogen (−195°C) which was obtained by placing the sample in liquid nitrogen under vacuum. The stub was then transferred to the cold stage (at −125°C) of the preparation chamber connecting to the SEM chamber. The frozen sample was surface fractured and sublimated at −95°C for 15 min to reveal the cross-sectional surface. The temperature was then brought down to −125°C and the sample was sputter coated with platinum before being transferred under vacuum into the SEM chamber, which was kept at −186°C for imaging. The accelerating voltage was set at 2 kV to avoid burning the sample.
Swelling and Degradation Studies. Hydrogels were fabricated as stated in the previous procedure and left to cure for 1 h at room temperature. The prepared hydrogels were then placed in PBS solution pH 7.4 and incubated at 37°C in an orbital shaker-incubator (Model ES-20, Grant Instruments (Cambridge) Ltd.) with a shaking speed of 80 rpm. The PBS solution was replaced regularly to remove unreacted PEG precursors and to prevent the buildup of solute concentration. At preset time intervals, the hydrogels were removed, gently blotted dry and the weight was recorded. The swelling factor (SF) and degradation was monitored by the percentage of weight of the hydrogel at each time point (t) compared to the weight before submersion which is defined as
where Wt is the weight measured at specific time point and W 0 is the initial wet weight before immersed (after 1 h). Biocompatibility Studies and 3D Cell Encapsulation. MC3T3-E1 were purchased from Public Health England and cultured as advised by supplier in MEM-α medium with addition of 10% FBS and 1% penicillin/streptomycin. For the biocompatibility studies, hydrogels were prepared in culture medium in 24 wells cell culture inserts with a 0.4 μm pore PET membrane, as described in the previous section, in a total volume of 200 μL. After 30 min incubation at 37°C, 100,000 cells suspended in 20 μL of medium were seeded on top of the hydrogel, and the material was incubated for 2 h before addition of fresh medium on top and around the hydrogel. Bioviability was assessed using a PrestoBlue viability assay. Fluorescence was measured using a BioTek plate reader (λ Ex. = 530 nm, λ Em. = 590 nm). For 3D encapsulation studies, 500,000 cells per hydrogel were suspended with the alkyne precursor, followed by addition of the thiol precursor prior mixing to obtain a 200 μL hydrogel. Cells were incubated up to 72 h, after which they were stained with calcein for live cells (λ Ex. = 495, λ Em. = 515) and ethidium homodimer for dead cells (λ Ex. = 528, λ Em. = 617) and imaged using a confocal fluorescence microscope. Finally, cell viability was also evaluated in the presence of degradation products from hydrogels incubated in complete culture medium (MEM-α with 10% FBS and 1% pen/strep). Hence, three hydrogels for each system were prepared as previously described and then immersed in culture medium (5 mL) for 6 days at 37°C under slight shaking (80 rpm). The solutions were then sterile filtered (0.22 μm). MC3T3 cells were seeded at 2000 cells cm −2 in 24 well plates and incubated in culture medium for 24 h. Serial dilutions of each degraded gel were prepared (from 0.625 to 5 mg mL −1 ), and 1 mL of each dilution was added to each well and incubated under standard culture conditions (37°C, 5% CO 2 ). Cell viability was evaluated using the PrestoBlue (λ Ex. = 530 nm, λ Em. = 590 nm) metabolic assay at three time points, 24 h, 72 h, and 7 days. Experiments were performed in triplicate.
■ RESULTS AND DISCUSSION Synthesis of Alkyne-and Thiol-Terminated PEG Precursors. The design of nonswellable hydrogels has been achieved by two accessible strategies that alter the swelling characteristics of our previous robust PEG-based hydrogels prepared through the nucleophilic thiol−yne addition reaction (Scheme 1). 16 Overall, both routes use simple end group modifications which are highly efficient with conversion values higher than 84% (Figures S1−S9 and Table S1 ). The hydrogel nomenclature is dependent on the PEG precursors, each precursor is denoted considering the number of arms, molecular weight, and the incorporated functionality, S for thiol or A for alkyne. Hence, 3 1S refers to the 3-arm thiolterminated PEG precursor (1 kg mol
). To increase the cross-linking density of the hydrogel network (route one), and thus reducing the hydrophilicity of the system, alkyne-and thiol-terminated polymeric precursors were prepared by modifying multiarm PEG-hydroxyl groups (Scheme 2a). Specifically, 3-arm (1 kg mol
) and 4-arm (2 kg mol −1 ) PEG polymers were functionalized through Fischer esterification of the hydroxyl end-group with either propiolic acid or mercaptopropionic acid. The thermoresponsive nonswellable click hydrogels (route two) were synthesized using a thiol-terminated Pluronic PEG precursor, PEG−PPG−PEG (2900 g mol
, Pluronic L-64, 40% of EG content) with mercaptopropionic acid, hereafter denoted 2P 3S (Scheme 2b). 17 After modification, the lower critical solution temperature (LCST) of the commercially available Pluronic decreased from 55−60°C down to 25−35°C (SI, Figure S10 ), which is below 37°C, and thus highly suitable for our application. Consequently, when injected into the body, the 2P 3S segments will induce the collapse of the click-hydrogel network preventing it from swelling.
Once the modified PEG precursors were synthesized, clickhydrogels with 10% w/v polymer content were subsequently prepared by mixing solutions containing a 1:1 molar ratio of alkyne to thiol end groups in PBS solution at pH 7.4.
Characterization of Swellable PEG-Containing ClickHydrogels. In general, most hydrogels swell when placed in aqueous solution; consequently, their volume increases, and severe alterations of their mechanical properties occur. In order to characterize the swelling behavior of the previously reported related system, thiol−yne PEG-based click-hydrogels (3 1A 2 1S , 3 1A 2 2S , and 3 1A 2 3S ) were prepared using 2-arm thiol-terminated PEG precursors to provide control measurements. As expected, these systems undergo swelling up to 179.9% ± 29.4%, 443.0% ± 7.4%, and 408.0% ± 9.0%, respectively, before degrading completely in the aqueous solution within 3 and 4 days ( Figure  1a ). For thiol−yne click-hydrogels, bulk hydrolytic degradation occurs, which results from the combination of the diffusion of water into a polymer network and the subsequent random cleavage of hydrolyzable bonds. 30−32 In addition, carboxylic acid groups, from the ester cleavage, display an autocatalytic effect. The polymeric nature of these degradation products, many of which are likely to remain attached to the network, accelerate degradation and contribute to the loss of structural and mechanical stability. Ultimately, as we observe, the hydrogel network swells and then dissolves into the PBS solution. 33 Additionally, swelling experiments also reveal information on the equilibrium water content (EWC) and mesh size of the hydrogel networks. Both features are key factors for tissue engineering scaffolds: cells require high water content, as well as an adequate diffusion of nutrients, oxygen, and growth factors in order to grow and proliferate. High EWC percentages (94−95%, Table 1) confirmed that the swellable clickhydrogels contained porous structures with the ability to hold large amounts of water. The average mesh size of these thiol− yne networks, calculated using the Flory−Rehner equation, 29 ranged between 5.8 and 6.4 nm ( Table 1) . Although the pore size of the hydrogels determined by Cryo-SEM observation differs from the previous values (i.e., pore size in the range of μm), a porous structure was observed for the three systems (data not shown).
As expected, the swelling response of the control clickhydrogels (3 1A 2 1S , 3 1A 2 2S , and 3 1A 2 3S ) had a significant negative effect on their mechanical performance (Figure 1 ). The compressive strength and modulus values decrease with immersion time (Figure 1b and Table S2 ), which becomes more evident with increasing molecular weight of the thiolterminated PEG precursor. For instance, for the 3 1A 2 3S system, the compressive modulus before and after 48 h of swelling was 33.6 ± 2.6 kPa and 5.6 ± 1.1 kPa, respectively; whereas the compressive strength decreased from 2.4 ± 0.3 MPa to 1.0 ± 0.05 MPa during the same swelling time.
All the hydrogels broke when 98% strain was reached therefore demonstrating a hydrogel with longer, more flexible PEG chains can withstand large amounts of strain. However, these PEG chains also display a hydrophilic character, thus attracting more water molecules into the network, which in turn accelerates degradation rates and impairs the mechanical performance. Hence, to counteract this effect, we targeted specific modifications of the PEG precursors to render the click-hydrogels nonswellable (Scheme 2). The resulting nonswellable hydrogels were immersed in PBS solution at 37°C for 30 days or until degradation, and their swelling response (Table S3 and Figure S11 ). and mechanical properties in the swollen state were assessed periodically.
Characterization of Nonswellable PEG-Containing Click-Hydrogels. The water uptake of thiol−yne clickhydrogels immersed in PBS solution at 37°C was effectively regulated by applying two straightforward approaches that are based on different principles. The first route relies on rendering the polymeric network more hydrophobic by increasing the number of cross-linking sites and also reducing the molecular weight of the hydrophilic polymer backbone.
Hence, in our multiarm thiol−yne hydrogel systems, the 2-arm thiol-functionalized PEG precursor was replaced with either a 3-or 4-arm precursor (Scheme 2a In the second strategy, the polymeric network 3 1A 2P 3S (Scheme 2b) was designed to contain thermoresponsive segments (2P 3S ) that collapse above a certain temperature (i.e., cloud point 25−35°C). Gel fraction (GF) values (Table  1) , which indicate the efficiency of the cross-linking process, were higher than 74% for all the systems tested regardless of the followed route, thus highlighting the suitability of the nucleophilic thiol−yne chemistry for hydrogel synthesis.
Gelation Time. All the multiarm click-hydrogels formed almost immediately after mixing the alkyne-and thiolcontaining solutions. Gelation times for these systems, which were first determined by the vial tilt method, range between 11 and 26 s ( Table 1 ). The high rate of reaction for the nucleophilic thiol−yne addition was attributed to the elevated number of cross-linking points that are now spatially closer, thus resulting in this rapid gelation. This effect is more pronounced for the 4 2A 4 2S hydrogel, which is formed with the 4-arm PEG precursors, which displays the highest number of reactive groups per molecule. In contrast, all the control systems, which are formed with a 2-arm thiol PEG precursors, displayed higher gelation times that increase with molecular weight.
The gelation time for the thermoresponsive hydrogel (3 1A 2P 3S ) was slower (10 min) as a consequence of the low temperature during preparation, which affected the clickreaction rate. Lower temperatures were required as a consequence of the PEG precursors cloud point (cloud point 25−35°C). 17 The solution of the thiol-terminated Pluronic (2P 3S ) at 10 wt % was cloudy at room temperature. Therefore, all the preparation steps for hydrogels containing 2P 3S as the thiol moiety were performed below 10°C by cooling the solutions in an ice bath. In doing so, we assured that the thermoresponsive polymer was completely soluble in the aqueous buffer for an effective cross-linking. After mixing the PEG-containing precursors, gelation proceeded at room temperature (23°C), and the resulting hydrogels were completely transparent.
Among the different theories applied to the gelation of polymers, the Flory−Stockmayer theory states that gelation occurs when systems of high functionality produce an infinite molecular weight network through cross-linking provided that the reaction is carried far enough, thus shifting the system from the liquid to the gel phase. 34−36 This definition is derived from the probability of finding a cross-linking point during gelation. Hence, the gelation point, which is defined at a certain extent of reaction, is reached when a critical number of intermolecular linkages have been exceeded. More specifically, this theory states that the theoretical critical amount of cross-links needed to form a gel, p c , can be calculated by using the following equation 6
A B (6) where f A is the functionality of the alkyne PEG precursors, f B is the functionality of the thiol PEG precursors, and r is the ratio between the total number of alkyne and thiol groups (i.e., r = 1 in our case because we are working under stoichiometric conditions). 37 For our systems with a trifunctional alkyne precursor and a bifunctional thiol precursor (i.e., 3 1A 2 1S , 3 1A 2 2S , 3 1A 2 3S , 3 1A 2P 3S , 3 1A 2 3S-6040 ), the value that the Flory−Stockmayer theory predicts for α c is 0.71, which means that gelation takes place when the amount of alkyne PEG precursors that have reacted is higher than 71%. In the case of the multiarmed hydrogel systems with either a tri-or tetrafunctional PEG precursor, the value obtained for α c is 0.50, 0.41, and 0.33 for 3 1A Swelling Profile. Both strategies were able to suppress swelling and thus control the increase in volume; however, the resulting click-hydrogels exhibited distinct swelling behaviors (Figure 2 ). In the multiarm click-hydrogels, the rate at which each hydrogel expelled and attracted water was dependent on the architecture of the thiol-and alkyne-terminated PEG precursors. All four systems rapidly shrunk after the initial 24 h immersed in PBS solution at 37°C (Figure 3a,b) . We postulate that the increased density of cross-linked sites promotes the hydrophobic nature of the hydrogel network, thus repelling water out of system. Although the hydrogels remained unchanged for 5 days with swelling factor (SF) values in the range between 46% ± 0.1% and 71% ± 3.1%, they started to swell back slowly to 100%. After 21 days, signs of hydrogel degradation appeared which allowed an increased amount of water into the network, thus accelerating the swelling rate rapidly and in turn the degradation rate.
Moreover, despite the shrinkage of the polymeric network, multiarm PEG hydrogels also display high EWC values (between 86% and 90%, Table 1 ) in comparison to control swellable hydrogels, which evidence that changes in the architecture of the PEG precursor have little effect on the network's ability to hold water. In contrast, they display a reduced average mesh size (4.2−4.7 nm) as a consequence of the increased number of cross-linking sites and shorter polymeric chains.
The 4 2A 4 2S , 4 2A 3 1S , and 3 1A 4 2S behaved similarly; these systems shrunk to 64% after 24 h and then recovered, swelling up to 250% after 25 days in PBS solution before degrading completely. In contrast, the 3 1A 3 1S hydrogel displayed a SF of 45% after 24 h, which is maintained for 7 days before the system starts to slowly swell to 100%, with no signs of degradation after 30 days. Therefore, we propose that the ratio between cross-linked sites and the length of the PEG arm controls the swelling profile of multiarm click-hydrogels. Indeed, the 3 1A 3 1S system, which displays the shortest average arm length between each cross-linking site (i.e., 0.33 kg mol ), results in a very dense system with enhanced hydrophobic nature and reduced ability to attract water. Consequently, the rate of ester hydrolysis is low in this system, which reduces the degradation rate of the polymeric network.
In contrast, the 3 1S 2P 3S click-hydrogels started to shrink almost immediately after immersing in PBS solution. The SF decreased to 27.1% ± 5.4% after 21 h, which indicates that water is quickly being expelled from the polymeric network ( Figure S16a) . However, at this point, the SF value remained constant for 30 days with a mean value of 24.5% ± 1.5%. Accordingly, the EWC value for 3 1A 2P 3S click-hydrogels is 58% ± 9.8%. The low water content for this system is responsible for slowing down the hydrolysis of the ester bonds present in the polymeric network, and thus 3 1S 2P 3S hydrogels did not undergo any degradation process within the observed period of time, as opposed to multiarm click-hydrogels, which started to degrade after 21 days of swelling.
Nevertheless, 3 1A 2P 3S click-hydrogels can hardly be considered suitable materials for tissue scaffolds. Although their mechanical properties are adequate (vide infra), we suspected that their low water content might endanger the viability of cells encapsulated within. Hence, we decided to exert a more direct control over the swelling response of the system by blending 2P 3S and 2 3S as thiol-terminated PEG precursors. Accordingly, hydrogels with varying 2P 3S :2 3S molar ratio displayed an intermediate swelling response between that shown by 3 1A 2 3S and 3 1A 2P 3S (Figure 3c ). Blended hydrogels with a content of 2P 3S higher than 50% reached a stable SF below 100% within 20 h, whereas hydrogels containing a higher proportion of the PEG precursor 2 3S underwent considerable swelling and degraded in less than 5 days. Thus, by varying the thermoresponsive content, not only does this approach allow for good control of the water uptake but also affects the degradation rate of the hydrogels, which are stable for a period of time that ranges between 5 and 15 days, and at least 30 days in the case of 100% Pluronic content ( Figure S16a) . Besides, all the thermoresponsive click-hydrogels retain their original transparency at 37°C (Figure 2) , which suggests that their network structure is homogeneous regardless the content of Pluronic content.
It is important to note a few considerations: the degree of swelling expected for an injectable hydrogel should be close to 100%, which means just enough swelling for an "expansion fit" of the hydrogel within the void space. A considerable increase in volume could potentially damage the nearby tissue, causing pain and triggering an inflammatory response, while a sudden shrinkage not only implies low water content, but also results in a smaller hydrogel which will not fill the vacant space. Moreover, hydrogels as tissue engineering scaffolds are required to be mechanically stable and robust for as long as possible, allowing cells to adhere, grow, and eventually develop new tissue while the hydrogel slowly degrades.
Taking these considerations into account, we evaluated all the Pluronic thiol−yne hydrogels compositions and calculated ( Figure S12a ) that a click-hydrogel with a 2P 3S :2 3S molar ratio of 60:40 (hereafter denoted 3 1A 2 3S-6040 ) met the required criteria for further characterization. Indeed, this system, which displays a gelation time of 8−10 min and a GF value of 84% ± 0.2% (Table 1) , exhibits a mean SF of 71.0% ± 4.4% for an overall period of 7 days, when it finally starts to swell and degrades (day 10) (Figure 3c ). The polymeric network of the blended click-hydrogel 3 1A 2 3S-6040 does not shrink as abruptly as in the case of 3 1A 2P 3S , thus the hydrogel still retains a high amount of water at 37°C (EWC is 86.0 ± 0.2%). However, despite the presence of thermoresponsive units, the immersion temperature has a severe effect on the hydrogel's degradation rate ( Figure S12b) ; 3 1A 2 3S-6040 hydrogels immersed in PBS solution at RT and 4°C display longer stability (22 and at least 37 days, respectively).
Morphology. As a consequence of the general collapse of the thermoresponsive click-hydrogel network, the mesh pore size derived from swelling kinetics was calculated to be 1.2 ± 0.48 nm and 3.7 ± 0.04 nm for 3 1A 2P 3S and 3 1A 2 3S-6040 hydrogels, respectively. Both values are clearly smaller than those displayed by multiarm PEG hydrogels (4.2−4.7 nm) showing a dependence on the mesh size with swelling. These mesh sizes could affect how cells interact with the network as it has been reported that smaller mesh size and stiffer matrices restrict 3D cell spreading, 38 as well as influence cell morphology.
39−41
Cryo-SEM characterization was also conducted to understand the morphology of the networks and the correlation between ice crystal growth and the different PEG precursors. For all systems, the structure revealed is porous (Figure 4 and S13) with a range of different sizes that ice crystals can grow to during the freezing process. The difference sizes ranged between 1.64 ± 0.36 μm and 4.20 ± 2.74 μm, which corresponded to 3 1A 2 3S-6040 and 4 2A 4 2S , respectively ( Figure  S14 ). Multiarm click-hydrogels prepared with 4 2A exhibited a much broader distribution of ice crystal sizes, while using 3 1A resulted in click hydrogels with a more homogeneous structure. Additionally, the ice crystal structure for the 3 1A 4 2S is significantly smaller in comparison to the other three multiarm hydrogel systems. Similarly, thermoresponsive hydrogels, which are prepared with 3 1A , also reveal a narrower and more homogeneous distribution of ice crystals. Consequently, using 3 1A as alkyne-modified PEG precursor results in hydrogel networks which are more densely packed, which could influence cell behavior.
Rheological Characterization. Rheological tests were carried out to fully evaluate the viscoelastic properties of the nonswellable thiol−yne click-hydrogels and determine any possible drawback derived from either of the approaches followed to suppress the swelling response. For comparison purposes, the control hydrogel 3 1A 2 3S was also characterized.
First, by monitoring the evolution of both the storage (G′) and loss (G″) moduli of a sample with time, the gelation time, which is defined as the crossover point between G′ and G″, can be determined. The gelation time for the four multiarm systems was within 30 s (Figure 5a ), which is in good agreement with the results from the vial tilt method, thus indicating that the hydrogels are fully cross-linked into stable and robust networks despite the quick gelation process. As previously observed, increasing the concentration of reactive end groups in solution reduces the gelation time. The click hydrogels with thermoresponsive units showed a gelation time of about 10 min (Figure 5c ) and also present a stable structure after 25 min.
The viscoelastic properties were determined by monitoring the storage (G′) and loss (G″) moduli as the strain on the hydrogel increased (Figure 5b ). All the multiarm hydrogels showed high G′, which is indicative of highly viscoelastic materials. Moreover, G′ increased with the number of functional groups per molecule, thus suggesting that a more rigid structure is formed as a consequence of the higher density of cross-linking points. Consequently, the stiffer materials were unable to withstand high levels of strain. For instance, G′ decreases at 32% of strain for 4 2A 4 2A and 3 1A 4 2S , whereas clickhydrogels with a more elastic network (4 2A 3 1S and 3 1A 3 1S ) start to yield at higher strain (47%). In contrast, the thermoresponsive click-hydrogels exhibited G′ values which are similar to the control hydrogel 3 1A 2 3S and comparable to those displayed by multiarm click-hydrogels (Figure 5d and Table S3 ) regardless of their composition.
Moreover, the high G′ values remained stable during the whole amplitude sweep range, even at high strain, which reveals a more elastic nature of the polymeric network as a consequence of using 2-arm instead of 3-or 4-arm thiolfunctionalized PEG precursors. Therefore, although the architecture of the PEG precursors affects the viscoelastic properties of the resulting click-hydrogels, it can be exploited to finely tune these features, which can be potentially useful for biological applications, such as tuning the scaffold stiffness to influence cell morphology and spreading. 38−40 Furthermore, temperature had no significant effect on the rheological properties of the blended click-hydrogel 3 1A 2 3S-6040 ; both G′ and G″ were retained despite the partial shrinkage of the hydrogel at 37°C, thus further confirming the suitability of this system for an in vivo bioapplication.
Mechanical Characterization in the Swollen State. Uniaxial compression testing was performed over a 30-day swelling period to evaluate the mechanical performance of nonswellable PEG-containing click-hydrogels in the swollen state. Specifically, hydrogels were prepared and left to cure for 1 h to allow for the hydrogels to be fully cross-linked, before immersing them in PBS solution at 37°C. After a set period of time, their mechanical properties were characterized.
The thiol−yne multiarm click-hydrogels presented a range of compressive strengths that was related to both their swelling factor (SF) and immersion time. After the initial 24 h in PBS Biomacromolecules Article solution at 37°C, their compressive strength values increased ( Figure S15 ). Specifically, for the 4 2A 4 2S system, which displayed the greatest change, the compressive strength increased from 120 ± 13 kPa to 385 ± 37.5 kPa in 24 h (Figure 3a ,b, Tables S2 and S3 ). This response is in good agreement with the decrease of the SF. As water molecules are expelled from the hydrogel network, the polymer content increases and the mechanical properties of the multiarm hydrogels improve. Moreover, as long as the SF remained constant, no changes in the mechanical performance were observed. For instance, the 3 1A 4 2S system reached its maximum strength after 24 h, while the 4 2A 4 2S system displayed its highest stress values after 5 days, which also reflects the unique properties of each one of the click-hydrogels based on the molecular weight of the PEG precursors, as well as their swelling response.
However, when the swelling factor increased past 100% (after 15 days), the mechanical properties of the multiarm clickhydrogels were severely compromised. Once swollen, the accelerated rate of ester hydrolysis promotes the degradation process and thus weakens the hydrogel structure, which is reflected by a reduction in the compressive strength after 25 days of immersion. Finally, when SF values higher than 150% were reached, the click-hydrogels degraded very rapidly and dissolved into the PBS solution.
It is important to note that the compressive strength values exhibited by multiarm click-hydrogels are not as high as those displayed by the control swellable systems, mainly as a consequence of the increased stiffness of the system. The polymeric chains are highly cross-linked and unable to adapt and withstand an external stress; the multiarm hydrogels break at lower strain values (48−66% for the multiarm series versus 95−96% for the thermoresponsive series Table S2 ). Nevertheless, despite this fact, they are able to retain their mechanical performance over time in the swollen state for longer (Figures 3a,b and S17), and thus can be effectively applied as biodegradable scaffolds for soft tissue regeneration in a biological context where extremely robust hydrogels are not required.
Similar to the response displayed by the multiarm nonswellable hydrogels, the mechanical performance of 3 1A 2P 3S clickhydrogels was altered after being immersed in PBS solution at 37°C ( Figure S16 , Tables S2 and S3 ). However, in contrast to the multiarm system, the high compressive strengths observed in the related hydrogels that we have previously reported 16 were maintained. Specifically, after only 24 h of immersion time, both the compressive strength and Young's Modulus of the system increased from 2.5 ± 0.2 MPa and 18 ± 2.2 kPa (i.e., values comparable to those displayed by control swellable hydrogels) to 5.5 ± 0.2 MPa and 83.7 ± 11.3 kPa, respectively, a fact that is attributed also to the low water content in the hydrogel, which makes it extremely strong; hydrogels were rubbery and did not break after reaching 98% compression during testing. Since the SF of 3 1A 2P 3S click-hydrogels does not change significantly with time after a constant SF value of about 25% is reached after 24 h (i.e., no degradation process was observed as opposed to multiarm click-hydrogels), they retain this excellent mechanical performance even after 14 days of immersion ( Figure S16) .
Finally, we confirmed that, as long as the blended clickhydrogel 3 1A 2 3S-6040 is not highly swollen, the mechanical performance is preserved (Figure 3d and S17). The high compressive strength of the blended system, which is 2.5 ± 0.06 MPa as-prepared, is significantly lower after 5 and 7 days of swelling (1.4 ± 0.04 MPa and 0.64 ± 0.25 MPa, respectively). Although there is indeed a decrease in the mechanical performance, the compressive strength values shown by the swollen blended click-hydrogels 3 1A 2 3S-6040 are still high. Furthermore, the Young's modulus experiences a similar decreasing trend, from 23.7 ± 1.9 kPa to 8.1 ± 1.7 kPa and 5.8 ± 2.2 kPa after 5 and 7 days of swelling, respectively.
Overall, the major factor influencing the thiol−yne click hydrogels mechanical response is the swelling degree, and thus the condition of the polymeric matrix. 25 On the one hand, the architecture of the PEG precursors has a fundamental influence on the swelling response of the resultant multiarm thiol−yne click-hydrogels, which in turn affects their compressive strength. Although the multiarm click-hydrogels display lower compressive strength values in comparison to the thermoresponsive systems (but within the range of soft load bearing tissue), their enhanced stability allowed them to retain their mechanical performance for at least 15 days. On the other hand, fine tuning of the swelling response as well as the degradation rate of robust thermoresponsive thiol−yne clickhydrogels is obtained by controlling the molar ratio of thiolterminated PEG precursors (2P 3S and 2 3S ).
Assessing the Biocompatibility of Nonswellable ClickHydrogels. Finally, to evaluate the suitability of thiol−yne nonswellable click-hydrogels in a biological setting, their biocompatibility was assessed. A representative hydrogel of each route was chosen, 3 1A 4 2S as multiarm click-hydrogel and 3 1A 2 3S-6040 as the thermoresponsive hydrogel. Also, 3 1A 2P 3S (100% Pluronic content) and 3 1A 2 3S (2-arm thiol-terminated PEG-3k) hydrogels were used as control systems.
First, cell viability tests on MC3T3-E1 (murine preosteoblasts) cells were conducted by seeding them on top of the hydrogels, which had been prepared in situ directly in the wells of the TCPS plates, thus no washing steps were applied to the hydrogels. After 72 h the cell's metabolic activity was measured using PrestoBlue metabolic assay ( Figure S18 ). All hydrogels demonstrated high cell viability which indicated that the clickhydrogel networks are biocompatible once formed. Most importantly, the extended time points reveal that within that incubation time, their degradation products are not cytotoxic, which further reinforces their potential as tissue engineering scaffolds able to support cell growth.
Following the promising initial results, 3D cell encapsulation experiments were also undertaken, and cell viability was assessed after 24 and 72 h of incubation by live−dead fluorescent staining (Figure 6 ). Since the preparation of the 
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Article thermoresponsive hydrogels is performed at low temperature, another control system that consisted in preparing 3 1A 2 3S at low temperature was also included. After 24 h of incubation, all the hydrogels showed high cell viability with >95% live cells, which indicates that the materials are nontoxic at this stage ( Figure S19 ). Moreover, we confirmed that the low preparation temperature had no effect on cell viability. In contrast, after a longer incubation time (72 h), a high percentage of cell death was observed only for the thermoresponsive hydrogel 3 1A 2P 3S , which contains 100% of Pluronic as thiol-terminated precursor ( Figure S18 ). Both the blended PEG/Pluronic click-hydrogels and the multiarm PEG hydrogels displayed high percentage of live cells, and hence we attribute the low cell viability of encapsulated cells within 3 1A 2P 3S hydrogel to several factors: the severe collapse of the polymeric network (SF = 24.5% ± 1.5%), the small mesh size (1.2 ± 0.48 nm), the low water content of the hydrogel (58% ± 9.8%), as well as the cytotoxic effect of 2P 3S ( Figure S21) . Interestingly, the stiffer nature of the multiarm 3 1A 4 2S click-hydrogel did not affect the viability of 3D encapsulated cells.
■ CONCLUSIONS
The design of a biomaterial device that perfectly matches all the requirements for a specific biological context is challenging. Here, we have presented two approaches to overcome the negative effect of water uptake on the mechanical properties of robust click-hydrogels cross-linked by thiol−yne nucleophilic addition. Through the judicious choice of the alkyne-and thiolterminated poly(ethylene glycol)-based precursors, either multiarm or thermoresponsive, the nonswellable click-hydrogels preserve their mechanical performance in the swollen state over time, as well as displaying good viscoelastic properties and finely tunable degradation rates. Most importantly, both approaches yielded nonswellable click-hydrogels that are highly biocompatible. Not only were cells able to adhere and grow on the top surface of the hydrogels, but they were also viable when encapsulated within the polymeric network as long as the water content and mesh size allow for adequate diffusion of oxygen and nutrients. Therefore, this work highlights the suitability of nonswellable click-hydrogels prepared by efficient thiol−yne chemistry as potential candidates to address the major issues of hydrogels as biomaterials. 
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